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(57) L 'invention conceme un precede pour la reduction 
directe de materiau renfermant de Foxyde de fer sous 
forme de particules, selon la methode du lit fluidise. 
Selon ce proced^, du gaz de synthese servant de gaz 
reducteur est introduit dans plusieurs zones a lit fluidise 
placees en serie, les unes derriere les autres, pour le gaz 



(57) The present invention relates to a method that uses 
fluidised bed techniques for the direct reduction of a 
material containing iron oxide in a particulate form. 
According to the method of the present invention, a 
synthetic gas used as reducing gas is fed into a plurality 
of fluidised bed areas which are arranged serially one 
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reducteur, et ce dernier est achemine dans le sens oppose 
au matenau renfermant de l'oxyde de fer sous forme de 
particules, d'une zone a lit fiuidise a l'autre. Pourreduire 
les couts d'exploitation, notamment la consommation 
d'energie, on regie, dans la premiere zone a lit fluidise\ 
la temperature du materiau renfermant de l'oxyde de fer 
sur une valeur inferieure a 400 °C, de preference 
inferieure a 350 °C, ou superieure a 580 °C, de 
preference autour de 650 °C, ou sur une plage comprise 
entre 400 °C et 580 °C. Lorsque la temperature est reglee 
sur une valeur inferieure a 400 °C, la plage de 
temperature comprise entre 400 °C et 580 °C est franchie 
dans la zone a lit fluidisee en aval de la premiere zone a 
lit fiuidise, dans le sens d'ecoulement du materiau 
renfermant de l'oxyde de fer, en l'espace de 10 min, de 
preference en l'espace de 5 min. Lorsque la temperature 
est regime sur une valeur superieure a 580 °C, la plage de 
temperature comprise entre 400 °C et 580 °C est franchie 
en l'espace de 10 min, de preference en l'espace de 5 
min, et lorsque la temperature est reglee sur la plage de 
temperature comprise entre 400 °C et 580 °C, le materiau 
renfermant de l'oxyde de fer demeure dans cette plage au 
maximum 10 min et de preference 5 min. 
Immediatement apres avoir atteint la temperature 
voulue, le materiau renfermant de l'oxyde de fer est 
achemine vers la zone a lit fiuidise suivante. 



after the other for receiving said gas, wherein said gas is 
fed from one fluidised bed area to the other in a direction 
opposite to that of the material containing iron oxide in a 
particulate form. In order to reduce the operation costs 
and more particularly the power consumption, the 
temperature of the material containing iron oxide in the 
first fluidised bed area is set at a value lower than 400 °C, 
preferably lower than 350 °C, or at a value exceeding 
580 °C, preferably about 650 °C, or else in a range of 
between 400 °C and 580 °C. When the temperature is set 
at a value lower than 400 °C, the temperature range of 
between 400 °C and 580 °C in the fluidised bed area 
located downstream form the first area in the flow 
direction of the material containing iron oxide is 
exceeded within 10 minutes and preferably 5 minutes. 
When the temperature is set at a value exceeding 580 °C, 
the temperature range of between 400 °C and 580 °C is 
exceeded within 10 minutes and preferably 5 minutes. 
When the temperature is set in the range of between 
400 °C and 580 °C, the material containing the iron oxide 
is kept within this range of temperature for a duration not 
exceeding 10 minutes, preferably 5 minutes. 
Immediately after the target temperature is reached, the 
material containing the iron oxide is transferred into the 
next fluidised bed area. 
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Process and Plant for the Direct Reduction of Particulate Iron-Oxide-Containing Material 

The invention relates to a process for the direct reduction of particulate iron-oxide-containing 
material by fluidization, wherein synthesis gas such as reformed natural gas is introduced as a 
reducing gas into several fluidized bed zones consecutively arranged in series for the reducing 
gas and is conducted from one fluidized bed zone to another fluidized bed zone in counterflow 
to the particulate iron-oxide containing material, and wherein heating of the iron-oxide- 
containing material is effected in the fluidized bed zone arranged first in the flow direction of 
the iron-oxide-containing material and direct reduction is carried out in the further fluidized 
bed zone(s), as well as a plant for carrying out the process. 

A process of this kind is known from US-A - 5,082,251, WO-A - 92/02458 and EP-A - 0 571 
358. According to US-A - 5,082,251, iron-rich fine ore is reduced in a system of fluidized bed 
reactors arranged in series by aid of a reducing gas under elevated pressure.The thus produced 
iron powder is then subjected to hot or cold briquetting. 

The reducing gas is produced by catalytic reformation of desulfurized and preheated natural 
gas with superheated water vapor in a conventional reformer furnace. Afer this, the reformed 
gas is cooled in a heat exchanger and, subsequently, the H 2 portion in the reducing gas is 
increased by CO conversion by aid of an iron oxide catalyst. After this, the C0 2 forming as 
well as the C0 2 coming from the reformer are eliminated in a C0 2 scrubber. 

This gas is mixed with the reducing gas (top gas) consumed only partially, heated and the fine 
ore is reduced in three steps (three fluidized bed reactors) in counterflow. 

The ore flow starts with drying and subsequent screening. Then, the ore gets into a preheating 
reactor in which natural gas is burnt. In three consecutive reactors, the fine ore is reduced 
under elevated pressure. 

From EP-A 0 571 358 it is known to realize the reduction of fine ore not exclusively via the 
strongly endothermic reaction with H 2 according to 

Fe 2 0 3 + 3H 2 = 2Fe + 3H 2 - AH, 
but additionally via the reaction with CO according to 

Fe 2 O s + 3CO = 2Fe + 3C0 2 + AH, 
which is exothermic. It is thereby feasible to considerably lower operating costs and, in 
particular, energy costs. 

According to the prior art, direct reduction, because of the kinetics of the known processes, 
involves magnetite formation during direct reduction in a layer constantly growing from 
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outside towards inside and forming on each particle or grain of the iron-oxide-containing 
material. It has been shown in practice that the formation of magnetite has an inhibiting effect 
on direct reduction with a reducing gas. Thus, it is feasible only at elevated expenditures, i.e., 
by increasing the consumption of reducing gas, to obtain a more or less complete reduction of 
the iron-oxide-containing material charged. In particular, it is necessary to make available a 
reducing gas having a high reduction potential even in the fluidized bed zones arranged first. 

The invention aims at avoiding these disadvantages and difficulties and has as its object to 
further develop a process of the initially defined kind with a view to lowering the energy 
demand by fully utilizing the chemical potential of the reducing gas. In particular, operating 
costs are to be considerably lowered by utilizing the reducing gas to an optimum degree both 
in terms of reduction potential and in terms of sensible heat. 

In accordance with the invention, this object is achieved 

• in that a temperature of the iron-oxide-containing material of either below 400°C and, 
preferably, below 350°C, 

• or above 580°C and, preferably about 650°C, 

• or a temperature ranging from 400 to 580°C is adjusted in the first fluidized bed zone, 

• wherein, at a temperature adjustment to below 400°C, the temperature range between 
400°C and 580°C in the fluidized bed zone following the first fluidized bed zone in the 
flow direction of the iron-oxide-containing material is passed through within a period of 10 
minutes and, preferably, within 5 minutes, and 

• wherein, at a temperature adjustment to above 580°C, the temperature range between 
400°C and 580°C is passed through within a period of maximally 10 minutes and, 
preferably, 5 minutes, and 

• wherein, furthermore, at a temperature adjustment in the range of from 400°C to 580°C, 
the iron-oxide-containing material remains within that temperature range for a maximum 
of 10 minutes and, preferably, 5 minutes and is passed on into the fluidized bed zone 
following next immediately after having reached the desired temperature. 

By these measures, it is feasible to effectively avoid, or reduce to an acceptable extent, the 
formation of magnetite layers. The formation of a magnetite layer occurs very rapidly, i.e., the 
more rapidly the closer the temperature of the iron-oxide-containing material to the limit 
temperature of about 580°C. A magnetite formed on the surface of a particle of iron-oxide- 
containing material or an ore grain is denser than the ore itself, thus increasing the diffusion 
resistance of the interface between reducing gas and iron ore. As a result, the reaction speed is 
reduced. According to the Baur-Glaessner diagram, such a formation of a dense magnetite 
layer on the surface of an iron ore grain primarily occurs up to a temperature of the iron ore of 
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580°C. At a temperature of the iron ore of below 400°C, the formation of magnetite is again 
slowed down and, as a result, dense magnetite layers are formed less rapidly. 

The reaction kinetics of magnetite formation is influenced by the composition of the gas and 
of the solid. The molecules of the reducing gas must get from the outer gas flow through the 
adhering gas border layer and through the macropores and micropores to the site of reaction. 
There, the dissociation of oxyen takes place. The oxidized gas gets back on the same way. The 
ore grain is, thus, reduced from outside towards inside. Thereby, its porosity increases, since 
the dissociated oxygen leaves hollow spaces and the original volume of the ore grain hardly 
shrinks. The reaction front migrates from outside towards inside into the ore grain. With dense 
layers, the concentration of the reducing gas decreases from outside towards inside. The gas at 
first diffuses from outside through the already reduced shell as far as to the reaction front, 
where it is reacted and then diffuses back as a reaction product. With porous surfaces, the 
phase border reaction occurs on the walls of the pores within the reaction front, while the gas 
at the same time also may diffuse inside. With dense magnetite layers on the surface of the ore 
grain, the reaction kinetics is inhibited because the reducing gas is impeded from diffusing by 
exactly that layer and the mass transfer of the reducing gas thus cannot occur in the same 
manner as with porous ore grains. 

The basic idea of the invention is to be seen in accomplishing the transition of the temperature 
of the iron-oxide-containing material during heating from 400 to 580°C within as short a 
period of time as possible and avoiding maintenance within that critical temperature range. 
When rapidly passing that temperature range, the formation of a magnetite layer is extremely 
modest. If at all, wuestite is formed, which is not disadvantageous to reduction. Hence result 
substantially enhanced reduction conditions for the fluidized bed zone arranged first in the 
flow direction of the iron-oxide-containing material. 

Advantageously, the iron-oxide-containing material in any event is transferred to the 
consecutively arranged fluidized bed zone immediately after having reached the desired 
temperature. 

According to a preferred embodiment, the temperature range-between 400°C and 580°C is 
passed through while avoiding a residence time, the average temperature gradient within the 
range of between 400°C and 580°C amounting to at least 20°C/min and, preferably, 
40°C/min. 

If, in that first fluidized bed zone, a temperature of but below 400°C is adjusted, the 
temperature range between 400 and 580°C will be passed in the fluidized bed zone arranged 
second in the flow direction of the iron-oxide-containing material, there occurring at a 
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substantially higher speed than would be possible under normal conditions in the first 
fluidized bed zone, since the temperature of the reducing gas in the second fluidized bed zone 
is still substantially higher and, in addition, the reduction potential is higher, too. The latter 
likewise impedes or reduces the formation of magnetite. In that case, the rapid passage 
through the critical temperature range takes place in the second fluidized bed zone also within 
a noncritical period of time. 

If the critical temperature range is to be passed through only in the second fluidized bed zone, 
this may be effected in various ways. 

Thus, this may, for instance, be reached in that the reducing gas fed to the first fluidized bed 
zone is subjected to cooling before being introduced into the first fluidized bed zone. 

An effective temperature adjustment to below 400°C in the first fluidized bed zone may also 
be obtained in that the reducing gas emerging from the fluidized bed zone arranged to follow 
the first fluidized bed zone in the flow direction of the iron-oxide-containing material is 
introduced into the first fluidized bed zone only partially and the reducing gas emerging from 
the first fluidized bed zone is recirculated into the first fluidized bed zone at least partially. 

According to a preferred embodiment, the iron-oxide-containing material and the gas are 
indirectly cooled in the first fluidized bed zone, preferably by means of air or water. 

It is also possible to directly cool the iron-oxide-containing material and the gas in the first 
fluidized bed zone, preferably by nozzling in water and/or water vapor. 

According to a variant to be carried out in a particularly simple manner, maintenance under 
the critical temperature in the first fluidized bed zone is ensured in that the iron-oxide- 
containing material has a shorter residence time in the first fluidized bed zone than in the 
fluidized bed zones consecutively arranged in the flow direction of the iron-oxide-containing 
material. 

Some variants are also available in order to pass through the critical temperature range in the 
first fluidized bed zone as rapidly as possible, i..e, for instance, within a maximum time of 5 
minutes. 

This may be achieved in that the reducing gas fed to the first fluidized bed zone is heated as a 
total or partial stream, preferably indirectly by means of a smoke gas, before being introduced 
into the first fluidized bed zone. 
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According to a preferred variant, the invention is realized in that the total amount, or only a 
partial amount, of the reducing gas emerging from the fluidized bed zone arranged to follow 
the first fluidized bed zone in the flow direction of the iron-oxide-containing material and at 
least a partial amount of a fresh and, preferably, unused reducing gas are fed into the first 
fluidized bed zone. 

Another preferred embodiment is characterized in that oxygen or an oxygen-containing gas is 
supplied to the reducing gas fed to the first and/or consecutively arranged fluidized bed zone 
while effecting a partial combustion of the reducing gas, prior to its entry into the first 
fluidized bed zone. 

A further variant is characterized in that oxygen or an oxygen-containing gas is introduced 
into the first and/or consecutively arranged fluidized bed zone while effecting a partial 
combustion of the reducing gas. 

The critical temperature range also may be rapidly passed through in that the iron-oxide- 
containing material charged into the first fluidized bed zone is charged in the preheated state, 
preferably in the highly preheated state, and, in particular, at a temperature ranging above 
250°C. 

A further preferred embodiment is characterized in that the iron-oxide-containing material and 
the gas are indirectly heated in the first fluidized bed zone, preferably by means of a hot gas or 
by means of a smoke gas or by burning a burning gas. 

It goes without saying that the object of the invention may be achieved also by applying two 
or several of the above-described variants in combination. 

A plant according to the invention for carrying out the processes of the invention comprising 
several fluidized bed reactors consecutively arranged in series for receiving an iron-oxide- 
containing material with the iron-oxide-material being conducted from one fluidized bed 
reactor to another fluidized bed reactor via conveying ducts in one direction and the reducing 
gas being conducted from one fluidized bed reactor to another fluidized bed reactor via 
connecting ducts in the opposite direction is characterized in that a recuperator is provided in 
the fluidized bed reactor arranged first in the flow direction of the iron-oxide-containing 
material. 

Plants for carrying out the processes according to the invention are defined in the subclaims. 
Such plants are partially known per se, for instance, from EP-A - 0 571 358 (adjustment of an 
elevated temperature in the first reduction reactor). In addition, from US-A - 3,205,066 the 
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partial combustion with oxygen or an oxygen-containing gas in a fluidized bed, from US- A - 
3,982,901 and US-A - 3,983,927 the installation of heat exchangers in fluidized bed reactors, 
and from EP-A - 0 345 467 the provision of jacketed jet heating pipes in fluidized bed reactors 
are known per se. 

In the following, the invention will be explained in more detail by way of the drawing, 
wherein Fig. 1 shows the process scheme of a preferred embodiment according to which a 
temperature of the iron-oxide-containing material of below 400°C is kept in the first fluidized 
bed zone. Figs. 2 to 4 depict a detail of the process scheme represented in Fig. 1 , each in a 
modified embodiment, wherein a maximum temperature of 400°C is adjusted in the first 
fluidized bed zone also according to these embodiments.The variants represented in Figs. 5 to 
8 show details of different embodiments of the process scheme according to Fig. 1 in a 
manner analogous to Figs. 2 to 4, wherein a temperature of above 580°C is, however, adjusted 
in the fluidized bed zone arranged first in the flow direction of the iron-oxide-containing 
material. Fig. 9 illustrates the Baur-Glaessner diagram, the course of reduction being entered 
with and without influence on the temperature level in the first fluidized bed zone. Fig. 10 
illustrates various modes of operation according to the invention for heating in the first 
fluidized bed zone. 

The plant of the invention according to Fig. I comprises four fluidized bed reactors 1 to 4 
consecutively arranged in series, wherein iron-oxide-containing material such as fine ore via 
an ore supply duct 5 is supplied to the first fluidized bed reactor 1, in which heating to a 
predetermined temperature (and/or optionally prereduction) takes place, as will be explained 
in more detail below. Subsequently, the fine ore is conducted from one fluidized bed reactor 
to another fluidized bed reactor via conveying ducts 6, fluidized bed zones forming in each of 
the fluidized bed reactors 1 to 4. The completely reduced material (sponge iron) is hot- 
briquetted in a briquetting plant 7. If required, the reduced iron during briquetting is protected 
against reoxidation by an inert gas system not illustrated. 

Prior to introducing the fine ore into the first fluidized bed reactor 1, it is subjected to ore 
preparation such as drying and screening, which is not illustrated in detail. 

Reducing gas is conducted from one fluidized bed reactor 4 to another fluidized bed reactor 3 
to 1 in counterflow to the ore flow and is carried off from the fluidized bed reactor 1 arranged 
last in the gas flow direction as a top gas through a top gas discharge duct 8 and cooled and 
scrubbed in a wet scrubber 9. 

The production of the reducing gas is effected by reforming in a reformer 10 natural gas fed 
through duct 1 1 and desulfurized in a desulfurization plant 12. The gas formed by natural gas 
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and vapor, which leaves the reformer 10, essentially consists of H 2 , CO, CH 4 , H 2 0 and C0 2 . 
That reformed natural gas through a reformed gas duct 13 is conveyed to one or several heat 
exchangers 14, in which it is cooled to 80 to 150°C, thus condensing water out of the gas. 

The reformed gas duct 13 runs into the top gas discharge duct 8 after compression of the top 
gas by means of a compressor IS. The mixed gas thus forming is passed through a C0 2 
scrubber 16 and freed from C0 2 and H 2 S. It is then available as a reducing gas. This reducing 
gas via a reducing gas feed duct 17 is heated to a reducing gas temperature of about 800°C in 
a gas heater 18 arranged to follow the C0 2 scrubber 16 and fed to the fluidized bed reactor 4 
arranged first in the gas flow direction, where it reacts with the fine ores to produce directly 
reduced iron. The fluidized bed reactors 4 to 1 are arranged in series; the reducing gas gets 
from one fluidized bed reactor to another fluidized bed reactor through connecting ducts 19. 
The number of fluidized bed reactors depends on the respective circumstances such as the 
properties of the reducing gas, the reduction gradient desired, etc. 

A portion of the top gas is sluiced out of the gas circuit 8, 17, 19 in order to avoid the 
enrichment of inert gases such as N 2 . The sluiced out top gas through a branch duct 20 is 
supplied to the gas heater 18 for heating the reducing gas and is burnt there. Possibly lacking 
energy is supplemented with natural gas, which is fed via feed duct 21. 

The sensible heat of the reformed natural gas emerging from the reformer 10 and of the 
reformer smoke gases is utilized in a recuperator 22 to preheat the natural gas after passage 
through the desulfurization plant 12, to produce the vapor required for reformation and to 
preheat the combustion air fed to the gas heater 18 via duct 23 as well as, if desired, also the 
reducing gas. The combustion air fed to the reformer 10 through duct 24 is preheated as well. 

In order to avoid or minimize the formation of magnetite, a temperature of above 400°C is 
avoided in the fluidized bed reactor 1 according to the embodiments represented in Figs. 1 to 
4. According to Fig. 1, this is effected by means of a heat exchanger 25 installed in the 
fluidized bed reactor 1, which heat exchanger comprises cooling spirals 26 or the like 
arranged in the interior of the fluidized bed reactor 1 . The cooling spirals are passed through 
by water, which is converted into vapor. Water vapor may also be used as a cooling medium 
and utilized at another stage of the process. Instead of the cooling spirals, immersion heating 
surfaces may be inserted in the fluidized bed reactor 1. 

By that measure, it is feasible to cool the already partially used reducing gas emerging from 
the fluidized bed reactor 2 to such an extent that the ore contained in the fluidized bed reactor 
1 will not be heated to more than 400°C. Heating above 400°C to the desired reduction 
temperature is effected in the fluidized bed reactor 2, in which the reducing gas coming from 
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the fluidized bed reactor 3 heats the ore to above 580°C within a very short time. Heating is 
effected so rapidly that the formation of magnetite is prevented as far as possible. 

Lowering of the temperature in the fluidized bed reactor 1 also may be achieved by direct 
cooling with water and/or water vapor. This is illustrated in Fig. 2. Water or water vapor is fed 
into the fluidized bed reactor 1 either directly through duct 27 and/or through duct 28 into the 
connecting duct 19 leading to that fluidized bed reactor I. The introduction of these media 
does not involve any disadvantages in terms of energy consumption, since the top gas 
emerging from the fluidized bed reactor 1 via the top gas discharge duct 8 is conducted 
through a scrubber 9, anyway, and residual cooling, which does not occur in the fluidized bed 
reactor 1, must be effected there. 

According to Fig. 3, cooling of the fluidized bed zone in the fluidized bed reactor 1 is effected 
by providing a recuperative heat exchanger 29 in the connecting duct 19 from fluidized bed 
reactor 2 to fluidized bed reactor 1, which heat exchanger serves to cool the reducing gas 
introduced into the fluidized bed reactor 1 by means of water, air or the like. Cooling might 
also be effected by directly nozzling in water and/or water vapor. 

According to Fig. 4, the adjustment of the maximum temperature of 400°C in the fluidized 
bed reactor 1 is effected in that a portion of the reducing gas emerging from the fluidized bed 
reactor 2 is conducted directly to the top gas via a branch duct 30 and only the remaining 
portion mixed with a recirculated top gas emerging from the fluidized bed reactor 1 is 
introduced into the fluidized bed reactor 1. To this end, a branch duct 31 branches off the top 
gas discharge duct 8 departing from the fluidized bed reactor 1 and runs into the connecting 
duct 19. 

Less heating of the ore also may be obtained by a shorter residence time of the ore in the 
fluidized bed reactor 1, thereby likewise positively influencing the reduction kinetics. In 
practice, this may be achieved by reducing the first fluidized bed reactor 1 in size. 

Due to all of these measures, the fluidized bed reactor 1 no longer serves directly as a 
reducing zone but, in the first place, as a heating zone. 

According to the variants represented in Figs. 5, 6, 7 and 8, a temperature of above 580°C is 
adjusted in the first fluidized bed reactor, wherein the temperature range - and this is essential 
to the invention - between 400 and 580°C is passed through within a period of less than 5 
minutes. This is not a gas temperature but the temperature of the iron-oxide-containing 
material charged, i.e., the fine ore. 
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According to the embodiment illustrated in Fig. 5, this is achieved in that at least a portion of 
the already partially consumed reducing gas emerging from the fluidized bed reactor 2 is fed 
to the fluidized bed reactor 1 via a recuperative heat exchanger 32. Preferably, the heat 
exchanger is operated with smoke gas or any other hot gas. 

According to the embodiment depicted in Fig. 6, the reducing gas derived from the fluidized 
bed reactor 2 and introduced into the fluidized bed reactor 1 is mixed with a fresh reducing 
gas so as to exhibit a substantially higher temperature. The fresh reducing gas admixed is fed 
to the fluidized bed reactor 1 through a branch duct 33 branching off the reducing gas feed 
duct 17. Since a portion of the reducing gas emerging from the fluidized bed reactor 2 is then 
replaced with fresh reducing gas, a portion of the reducing gas emerging from the fluidized 
bed reactor 2 may be introduced into the top gas discharge duct 8 via a branch duct 30. It is 
not necessarily required to admix a completely fresh reducing gas, it will do to add to the 
reducing gas emerging from the fluidized bed reactor 2 a reducing gas that has still a higher 
reduction potential. 

According to Fig. 7, a recuperative heat exchanger 35 is incorporated in the fluidized bed 
reactor 1, through which a hot gas such as smoke gas streams. It is also possible to introduce 
into the heat exchanger a burning gas with air or another oxygen-containing gas or oxygen, 
thereby causing the combustion of the burning gas and hence a strong increase in the 
temperature of the ore charged into the fluidized bed reactor 1 within a short period of time in 
the maimer according to the invention. The recuperator 35 then serves as a combustion 
chamber for a burner provided in it. The smoke gas forming may be used for drying the ore or 
for preheating the reducing gas. A partial stream of the reducing gas emerging from the 
fluidized bed reactor 2 is introduced into the top gas discharge duct via the branch duct 30. 

According to the configuration variant illustrated in Fig. 8, air or another oxygen-containing 
gas or oxygen is supplied to the system, thereby likewise raising the temperature in the 
fluidized bed reactor 1 to such an extent that the ore gets heated from 400°C to 580°C within 
5 minutes. The supply of oxygen or an oxygen-containing gas may be effected into the 
connecting duct 19 (point B) connecting the fluidized bed reactor 2 with the fluidized bed 
reactor 1. It is, however, also conceivable to allow these media to directly flow into the 
fluidized bed reactor 2 and/or fluidized bed reactor 1 (points A and/or D) or even into the 
connecting duct 19 (point C) connecting the fluidized bed reactor 3 with the fluidized bed 
reactor 2. This results in the partial combustion of reducing gas, thus strongly increasing the 
temperature in the fluidized bed reactor 1 or fluidized bed reactor 2, respectively, or in the 
connecting duct 19. It is feasible in a relatively simple manner also by these measures to pass 
through the temperature range of between 400°C and 580°C and, preferably between 350°C 
and 650°C, which is critical in terms of magnetite formation, within a period of 5 minutes 
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recognized as critical. A partial stream of the reducing gas emerging from the fluidized bed 
reactor 2 is introduced into the top gas discharge duct 8 through branch duct 30. 

Such a rapid heating of the iron ore in the critical temperature range also may be achieved in 
that an already preheated fine ore - for instance, preheated to a temperature of between 250 
and 400°C - is conducted through in the first fluidized bed reactor 1. 

From Fig. 9, which is a Baur-Glaessner diagram, it is apparent that the formation of magnetite 
occurs in a reduction process without influencing the temperature level in the first fluidized 
bed reactor. That process is illustrated by round dots. (The Baur-Glaessner diagram is to be 
understood as a thermodynamic diagram and hence independent of the reaction kinetics and, 
thus, also of the case history of the reduction). At a temperature increase within the fluidized 
bed reactor 1 to above 580° - which process is illustrated by squares in Fig. 9 - the formation 
of magnetite is avoided almost completely. Lowering of the temperature in the fluidized bed 
reactor is illustrated by triangles in Fig. 9. Since the critical temperature range is passed 
through very quickly in the consecutive fluidized bed zone, i.e., in the fluidized bed reactor 2, 
magnetite formation is limited, no interference with the reduction process occurring in any of 
the reduction stages. 

Fig. 10, which is a diagram having the temperature plotted on its ordinate and the time plotted 
on its abscissa, in a schematic illustration indicates the temperature course for three operating 
variants of the fluidized bed reactor 1. According to variant I, which is represented by a curve 
drawn in full lines, a temperature of closely below 400°C is adjusted in the fluidized bed 
reactor 1. It is apparent that the critical temperature range of between 400 and 580°C, which is 
indicated by a hatched field in Fig. 10, is not touched. 

At a temperature of closely below 400°C, magnetite formation proceeds only so slowly that a 
potential magnetite layer on the ore grains does not constitute a layer impeding further 
reduction. Further reduction is represented by the curve line following curve line I and 
denoted by IV, which illustrates the heating of the iron-oxide-containing material or ore grains 
in the fluidized bed reactor 2. It is apparent that the critical temperature range of between 400 
and 580°C is passed through very quickly in the fluidized bed reactor 2, since the reducing 
gas in that fluidized bed reactor 2 is very hot and very avid. The time in which magnetite can 
form, although magnetite formation occurs very rapidly in that temperature range, is too short 
to allow the formation of a reduction impeding layer. 

Curve line variant II - represented in broken lines - indicates the temperature conditions 
prevailing if a temperature of above 580°C is adjusted in the first fluidized bed reactor 1 . Also 
there, the critical temperature range of between 400 and 580°C is very rapidly passed through 
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and the time for the formation of a magnetite layer on the ore grains is too short to cause any 
disturbing interference with the reduction procedure. 

Curve line variant III - represented by a dot-and-dash line - indicates heating if and when a 
temperature within the critical range, i.e., between 400 and 580°C, is adjusted in the fluidized 
bed reactor 1 . In that case, it is important that heating proceeds particularly quickly in order to 
keep as short as possible the time spent by the iron-oxide-containing material or ore grains 
within that temperature range. In that case, it is also essential that the material is discharged 
from the fluidized bed reactor 1 and transferred into fluidized bed reactor 2 immediately after 
having reached the temperature desired for the fluidized bed reactor 1. Maintenance in the 
critical temperature range is to be avoided in any event, since, as already pointed out, 
magnetite formation occurs very rapidly in that critical temperature range and an accordingly 
thick magnetite layer might form on the ore grains. 

The formation of magnetite is also illustrated in the diagram of Fig. 10 by the vertically 
hatched field shown in that diagram, the increasing magnetite portion being visible in the 
ordinate direction as a function of time. 
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Claims: 

1. A process for the direct reduction of particulate iron-oxide-containing material by 
fluidization, wherein synthesis gas such as reformed natural gas is introduced as a reducing 
gas into several fluidized bed zones consecutively arranged in series for the reducing gas and 
is conducted from one fluidized bed zone to another fluidized bed zone in counterflow to the 
particulate iron-oxide containing material, and wherein heating of the iron-oxide-containing 
material is effected in the fluidized bed zone arranged first in the flow direction of the iron- 
oxide-containing material and direct reduction is carried out in the further fluidized bed 
zone(s), characterized 

• in that a temperature of the iron-oxide-containing material of either below 400°C and, 
preferably, below 350°C, 

• or above 580°C and, preferably about 650°C, 

• or a temperature ranging from 400 to 580°C is adjusted in the first fluidized bed zone, 

• wherein, at a temperature adjustment to below 400°C, the temperature range between 
400°C and 580°C in the fluidized bed zone following the first fluidized bed zone in the 
flow direction of the iron-oxide-containing material is passed through within a period of 10 
minutes and, preferably, within 5 minutes, and 

• wherein, at a temperature adjustment to above 580°C, the temperature range between 
400°C and 580°C is passed through within a period of maximally 10 minutes and, 
preferably, 5 minutes, and 

• wherein, furthermore, at a temperature adjustment in the range of from 400°C to 580°C, 
the iron-oxide-containing material remains within that temperature range for a maximum 
of 10 minutes and, preferably, 5 minutes and is passed on into the fluidized bed zone 
following next immediately after having reached the desired temperature. 

2. A process according to claim 1, characterized in that the iron-oxide-containing material in 
any event is transferred to the consecutively arranged fluidized bed zone immediately after 
having reached the desired temperature. 

3. A process according to claim 1 or 2, characterized in that the temperature range between 
400°C and 580°C is passed through while avoiding a residence time, the average temperature 
gradient within the range of between 400°C and 580°C amounting to at least 20°C/min and, 
preferably, 40°C/min. 

4. A process according to one or several of claims 1 to 3, characterized in that the reducing 
gas fed to the first fluidized bed zone is subjected to cooling before being introduced into the 
first fluidized bed zone (Fig. 3). 
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5. A process according to one or several of claims 1 to 4, characterized in that the reducing 
gas emerging from the fluidized bed zone arranged to follow the first fluidized bed zone in the 
flow direction of the iron-oxide-containing material is introduced into the first fluidized bed 
zone only partially and the reducing gas emerging from the first fluidized bed zone is 
recirculated into the first fluidized bed zone at least partially (Fig. 4). 

6. A process according to one or several of claims 1 to 5, characterized in that the iron-oxide- 
containing material and the gas are indirectly cooled in the first fluidized bed zone, preferably 
by means of air or water (Fig. 1). 

7. A process according to one or several of claims 1 to 6, characterized in that the iron-oxide- 
containing material and the gas are directly cooled in the first fluidized bed zone, preferably 
by nozzling in water and/or water vapor (Fig. 2). 

8. A process according to one or several of claims 1 to 3, characterized in that the reducing 
gas fed to the first fluidized bed zone is heated as a total or partial stream, preferably 
indirectly by means of a smoke gas, before being introduced into the first fluidized bed zone 
(Fig. 5). 

9. A process according to one or several of claims 1 to 3 and 8, characterized in that the total 
amount, or only a partial amount, of the reducing gas emerging from the fluidized bed zone 
arranged to follow the first fluidized bed zone in the flow direction of the iron-oxide- 
containing material and at least a partial amount of a fresh and, preferably, unused reducing 
gas are fed into the first fluidized bed zone (Fig. 6). 

10. A process according to one or several of claims 1 to 3 and 8 and 9, characterized in that 
oxygen or an oxygen-containing gas is supplied to the reducing gas fed to the first and/or 
consecutively arranged fluidized bed zone while effecting a partial combustion of the reducing 
gas, prior to its entry into the first fluidized bed zone (Fig. 8). 

1 1. A process according to one or several of claims 1 to 3 and 8 to 10, characterized in that 
oxygen or an oxygen-containing gas is introduced into the first and/or consecutively arranged 
fluidized bed zone while effecting a partial combustion of the reducing gas (Fig. 8). 

12. A process according to one or several of claims 1 to 3 and 8 to 11, characterized in that the 
iron-oxide-containing material charged into the first fluidized bed zone is charged in the 
preheated state, preferably in the highly preheated state, and, in particular, at a temperature 
above 250°C. 
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13. A process according to one or several of claims 1 to 3 and 8 to 12, characterized in that the 
iron-oxide-containing material and the gas are indirectly heated in the first fluidized bed zone, 
preferably by means of a hot gas or by means of a smoke gas or by burning a burning gas 
(Fig. 7). 

14. A process according to one or several of claims 1 to 3, characterized in that the iron-oxide- 
containing material has a shorter residence time in the first fluidized bed zone than in the 
fluidized bed zones consecutively arranged in the flow direction of the iron-oxide-containing 
material. 

15. A plant for carrying out a process according to claim 6 or 13, comprising several fluidized 
bed reactors (1 to 4) consecutively arranged in series for receiving an iron-oxide-containing 
material with the iron-oxide-containing material being conducted from one fluidized bed 
reactor (1) to another fluidized bed reactor (2 to 4) via conveying ducts (6) in one direction 
and the reducing gas being conducted from one fluidized bed reactor (4) to another fluidized 
bed reactor (3 to 1) via connecting ducts (19) in the opposite direction, characterized in that a 
recuperator (25, 35) is provided in the fluidized bed reactor (1) arranged first in the flow 
direction of the iron-oxide-containing material (Figs. 1, 7). 

16. A plant according to claim 15, characterized in that the recuperator (25) is connected to a 
water or water vapor duct (Fig. 1). 

17. A plant according to claim 15, characterized in that the recuperator is connected to a hot 
gas duct (35) (Fig. 7). 

18. A plant for carrying out the process according to claim 13, characterized in that the 
recuperator is connected to a smoke gas duct (Fig. 7). 

19. A plant for carrying out the process according to claim 14, comprising several fluidized 
bed reactors (1 to 4) consecutively arranged in series for receiving an iron-oxide-containing 
material with the iron-oxide-containing material being conducted from one fluidized bed 
reactor (1) to another fluidized bed reactor (2 to 4) via conveying ducts (6) in one direction 
and the reducing gas being conducted from one fluidized bed reactor (4) to another fluidized 
bed reactor (3 to 1) via connecting ducts (19) in the opposite direction, characterized in that a 
burner is installed in the fluidized bed reactor (1) arranged first in the flow direction of the 
iron-oxide-containing material, said burner being encapsulated relative to the fluidized bed 
zone of that fluidized bed reactor (Fig. 7). 
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20. A plant for carrying out the process according to claim 4, comprising several fluidized bed 
reactors (1 to 4) consecutively arranged in series for receiving an iron-oxide-containing 
material with the iron-oxide-containing material being conducted from one fluidized bed 
reactor (1) to another fluidized bed reactor (2 to 4) via conveying ducts (6) in one direction 
and the reducing gas being conducted from one fluidized bed reactor (4) to another fluidized 
bed reactor (3 to 1) via connecting ducts (19) in the opposite direction, characterized in that a 
cooling means (29), preferably a recuperator connected to a cooling medium, preferably air or 
water, is provided in the connecting duct (19) between the fluidized bed reactors arranged first 
(1) and second (2) in the flow direction of the iron-oxide-containing material (Fig. 3.). 

21. A plant for carrying out the process according to claim 5, comprising several fluidized bed 
reactors (1 to 4) consecutively arranged in series for receiving an iron-oxide-containing 
material with the iron-oxide-containing material being conducted from one fluidized bed 
reactor (1) to another fluidized bed reactor (2 to 4) via conveying ducts (6) in one direction 
and the reducing gas being conducted from one fluidized bed reactor (4) to another fluidized 
bed reactor (3 to 1) via connecting ducts (19) in the opposite direction, characterized in that a 
branch duct (31) branches off a duct (8) carrying off top gas from the fluidized bed reactor (1) 
arranged first in the flow direction of the iron-oxide-containing material, which branch duct is 
connected with said fluidized bed reactor (1) in fluid communication, preferably running into 
the connecting duct (19) opening into said fluidized bed reactor (Fig. 4). 

22. A plant according to claim 21, characterized in that a branch duct (30) runs into the top 
gas discharge duct (8) from the connecting duct (19) connecting the fluidized bed reactor (1) 
arranged first in the flow direction of the iron-oxide-containing material with the 
consecutively arranged fluidized bed reactor (2) (Fig. 4). 

23. A plant for carrying out the process according to claim 7, comprising several fluidized bed 
reactors (1 to 4) consecutively arranged in series for receiving an iron-oxide-containing 
material with the iron-oxide-containing material being conducted from one fluidized bed 
reactor (1) to another fluidized bed reactor (2 to 4) via conveying ducts (6) in one direction 
and the reducing gas being conducted from one fluidized bed reactor (4) to another fluidized 
bed reactor (3 to 1) via connecting ducts (19) in the opposite direction, characterized in that a 
duct (27, 28) supplying a coolant either opens directly into the fluidized bed reactor (1) 
arranged first in the flow direction of the iron-oxide-containing material or runs into the 
connecting duct (19) connecting the first fluidized bed reactor with the consecutively arranged 
fluidized bed reactor (Fig. 2). 

24. A plant for carrying out the process according to claim 8, comprising several fluidized bed 
reactors (1 to 4) consecutively arranged in series for receiving an iron-oxide-containing 



CA 02301689 2000-02-16 
16 

material with the iron-oxide-containing material being conducted from one fluidized bed 
reactor (1) to another fluidized bed reactor (2 to 4) via conveying ducts (6) in one direction 
and the reducing gas being conducted from one fluidized bed reactor (4) to another fluidized 
bed reactor (3 to 1) via connecting ducts (19) in the opposite direction, characterized in that a 
heating means (32), preferably a recuperator connected to smoke gas or to heating gas, is 
provided in the connecting duct (19) between the fluidized bed reactor (1) arranged first in the 
flow direction of the iron-oxide-containing material and the second fluidized bed reactor (2). 

25. A plant according to claim 24, characterized in that a branch duct (30) branches off the 
connecting duct (19) connecting the first fluidized bed reactor (1) with the consecutively 
arranged fluidized bed reactor (2), which branch duct runs into a top gas discharge duct (8) 
carrying off offgas from the first fluidized bed reactor (Fig. 5). 

26. A plant for carrying out the process according to claim 9, comprising several fluidized bed 
reactors (1 to 4) consecutively arranged in series for receiving an iron-oxide-containing 
material with the iron-oxide-containing material being conducted from one fluidized bed 
reactor (1) to another fluidized bed reactor (2 to 4) via conveying ducts (6) in one direction 
and the reducing gas being conducted from one fluidized bed reactor (4) to another fluidized 
bed reactor (3 to 1) via connecting ducts (19) in the opposite direction, characterized in that a 
duct feeding a fresh reducing gas in addition to the connecting duct (19) runs directly, or 
indirectly via the connecting duct (19), into the fluidized bed reactor (1) arranged first in the 
flow direction of the iron-oxide-containing material (Fig. 6). 

27. A plant according to claim 26, characterized in that a branch duct (30) branches off the 
connecting duct (19) connecting the first fluidized bed reactor (1) with the consecutively 
arranged fluidized bed reactor (2), which branch duct runs into a top gas discharge duct (8) 
carrying off offgas from the first fluidized bed reactor (Fig. 6). 

28. A plant for carrying out the process according to claim 10, comprising several fluidized 
bed reactors (1 to 4) consecutively arranged in series for receiving an iron-oxide-containing 
material with the iron-oxide-containing material being conducted from one fluidized bed 
reactor (1) to another fluidized bed reactor (2 to 4) via conveying ducts (6) in one direction 
and the reducing gas being conducted from one fluidized bed reactor (4) to another fluidized 
bed reactor (3 to 1) via connecting ducts (19) in the opposite direction, characterized in that a 
duct feeding an oxygen-containing gas or oxygen runs into (at B, C, D) one of the connecting 
lines (19) and/or into the fluidized bed reactor (2) arranged second in the flow direction of the 
iron-oxide-containing material (Fig. 8). 
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29. A plant for carrying out the process according to claim 11, comprising several fluidized 
bed reactors (1 to 4) consecutively arranged in series for receiving an iron-oxide-containing 
material with the iron-oxide-containing material being conducted from one fluidized bed 
reactor (1) to another fluidized bed reactor (2 to 4) via conveying ducts (6) in one direction 
and the reducing gas being conducted from one fluidized bed reactor (4) to another fluidized 
bed reactor (3 to 1) via connecting ducts (19) in the opposite direction, characterized in that a 
duct feeding an oxygen-containing gas or oxygen runs into (at A) the fluidized bed reactor (1) 
arranged first in the flow direction of the iron-oxide-containing material (Fig. 8). 

30. A plant for carrying out the process according to claim 12, comprising several fluidized 
bed reactors (1 to 4) consecutively arranged in series for receiving an iron-oxide-containing 
material with the iron-oxide-containing material being conducted from one fluidized bed 
reactor (1) to another fluidized bed reactor (2 to 4) via conveying ducts (6) in one direction 
and the reducing gas being conducted from one fluidized bed reactor (4) to another fluidized 
bed reactor (3 to 1) via connecting ducts (19) in the opposite direction, characterized in that a 
preheating means for preheating the iron-oxide-containing material precedes the fluidized bed 
reactor (1) arranged first in the flow direction of the iron-oxide-containing material. 

31. A plant for carrying out the process according to claim 12, comprising several fluidized 
bed reactors (1 to 4) consecutively arranged in series for receiving an iron-oxide-containing 
material with the iron-oxide-containing material being conducted from one fluidized bed 
reactor (1) to another fluidized bed reactor (2 to 4) via conveying ducts (6) in one direction 
and the reducing gas being conducted from one fluidized bed reactor (4) to another fluidized 
bed reactor (3 to 1) via connecting ducts (19) in the opposite direction, characterized in that 
the fluidized bed reactor (1) arranged first in the flow direction of the iron-oxide-containing 
material has a smaller internal volume than the fluidized bed reactors (2 to 4) consecutively 
arranged in the flow direction of the iron-oxide-containing material. 

32. A plant according to one or several of claims 28 to 31, characterized in that a branch duct 
(30) branches off the connecting duct (19) connecting the first fluidized bed reactor (1) with 
the consecutively arranged fluidized bed reactor (2), which branch duct runs into a top gas 
discharge duct (8) carrying off offgas from the first fluidized bed reactor (Figs. 4 to 8). 
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(57) Abstract 

The present invention relates 
to a method that uses fluidised bed 
techniques for the direct reduction 
of a material containing iron oxide 
in a particulate form. According 
to the method of the present inven- 
tion, a synthetic gas used as reduc- 
ing gas is fed into a plurality of 
fluidised bed areas which are ar- 
ranged serially one after the other 
for receiving said gas, wherein said 
gas is fed from one fluidised bed 
area to the other in a direction op- 
posite to that of the material con- 
taining iron oxide in a particulate 
form. In order to reduce the opera- 
don costs and more particularly the 
power consumption, the tempera- 




ture of the material containing iron 
oxide in die first fluidised bed area is set at a value lower man 400 °C, preferably lower than 350 °C, or at a value exceeding 580 6 C 
preferably about 650 °C or else in a range of between 400 °C and 580 °C. When the temperature is set at a value lower than 400 °C, 
the temperature range of between 400 °C and 580 °C in the fluidised bed area located downstream form the first area in the flow direction 
of the material containing iron oxide is exceeded within 10 minutes and preferably 5 minutes. When the temperature is set at a value 
exceeding 580 *C, the temperature range of between 400 °C and 580 € C is exceeded within 10 minutes and preferably 5 minutes. When 
the temperature is set in the range of between 400 °C and 580 °C, the material containing the iron oxide is kept within this range of 
temperature for a duration not exceeding 10 minutes, preferably 5 minutes. Immediately after the target temperature is reached, the material 
containing the iron oxide is transferred into the next fluidised bed area. 
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FIG. 9 




CA 02301689 2000-02-16 

5/5 




FIG. 10 



